###### Strengths and limitations of this study

-   This study was followed up for more than 10 years and has important clinical significance for the prognosis of COPD in China.

-   Previous studies on the prognosis of COPD with hypercapnia demonstrated a lack of clinical data.

-   There was a substantial loss of patients to follow-up during the dynamic monitoring of the changes in PaCO2 and FEV1.

Introduction {#s1}
============

Chronic obstructive pulmonary disease (COPD) should no longer be regarded as a simple airflow obstructive disease, but should instead be considered a condition that comprises several phenotypes.[@R1] The traditional forced expiratory volume in 1 s (FEV1) measurement is insensitive to emphysema severity in COPD, and patients with similar FEV1 values may exhibit very different underlying pathologies. Spirometric assessment alone seems insufficient for the characterisation of COPD, and there may be a need for a more detailed understanding of the conditions that are included in COPD.

Chronic hypercapnia occurs in cases of impaired respiratory control combined with an impairment of HCO~3~^−^ handling by the kidneys, resulting in arterial carbon dioxide tension (PaCO~2~) constantly \>45 mm Hg.[@R4] [@R5] Chronic hypercapnia occurs in some patients with COPD, but not in all.[@R1] [@R4] Some patients hospitalised for acute hypercapnia eventually reverse to normocapnia after recovery.[@R4] Some studies reported that hypercapnia was a poor prognostic indicator for patients with COPD, and that survival in patients with hypercapnia with COPD was shorter than in normocapnia and reversible patients with hypercapnia with COPD, whereas the survival time of patients with reversible hypercapnia was similar to that of patients with normocapnia,[@R4] but these observations are controversial[@R6] [@R7] and a number of factors are involved in the survival of patients with COPD.[@R8] [@R9] Non-invasive positive-pressure ventilation (NPPV) may improve the prognosis of patients with COPD and hypercapnia.[@R10]

A limitation of these studies is the relatively short follow-up. The objective of this study was to evaluate the prognostic factors of patients with COPD in a long-term follow-up setting, and to investigate the differences between normocapnia and hypercapnia in COPD.

Materials and methods {#s2}
=====================

Study design and patients {#s2a}
-------------------------

This was a prospective cohort survival study designed to compare patients with COPD with normocapnia to those with chronic hypercapnia. Patients with consecutive COPD were enrolled at two medical centres between 1 May 1993 and 31 October 2006. COPD was diagnosed according to the standard American Thoracic Society (ATS) criteria.[@R1] The patients were admitted due to acute exacerbation of COPD (AECOPD), and discharged from the hospital after improvements of disease conditions after treatments. The patients were followed up at 6 weeks, and those with stable illness (no coughing, no phlegm, no increasing asthma symptoms and no change in drug use) were considered as stable and included in this study.

The inclusion criteria were: (1) stable COPD at entry (ie, no coughing, no phlegm, no increasing asthma symptoms and no change in drug use for at least 6 weeks); (2) age 40--85 years; and (3) blood gas analysis performed 6 weeks after discharge confirming the diagnosis. The exclusion criteria were: (1) any near-terminal illness (\<1 month of life expectancy) or (2) comorbidities that could affect PaCO~2~ (obstructive sleep apnoea, obesity-related hypoventilation or neuromuscular disease). The study was approved by the ethics review boards at the two participating centres, and informed written consent was obtained from each patient.

Data collection {#s2b}
---------------

Although the patients were prospectively recruited and followed up, some standard clinical data were retrieved from the medical charts (such as clinical symptom, signs, use of medication, long-term oxygen therapy (LTOT), NPPV at home or at hospital and comorbidities). Data that were prospectively collected were also crosschecked with the medical charts whenever possible. During their initial clinical examinations, patient demographics were recorded including sex, age, height, weight and smoking history. Body mass index (BMI) was calculated (kg/m^2^).

Outcome assessment {#s2c}
------------------

Arterial blood gases were measured at recruitment and every 2 years, using an ABL700 blood gas analyser (Radiometer, Copenhagen, Denmark) while the patients were breathing room air. Measurements were performed after 5--10 min of seated rest. For those requiring it, oxygen was stopped for 20 min before measurement. Normocapnia was defined as blood gas PaCO~2~ ≤45 mm Hg. Chronic hypercapnia was defined as PaCO~2~ \>45.0 mm Hg recorded twice at an interval of at least 6 weeks.

Lung function was assessed by spirometry (HP 47-804; Hewlett-Packard, Waltham, Massachusetts, USA) at recruitment and every 2 years thereafter, according to the ATS guidelines.[@R1] Lung function was determined by the grades of airflow obstruction according to standard ATS criteria:[@R1] grade 1: FEV1/forced vital capacity (FVC)\<70%, FEV1%, predicted ≥80%; grade 2: FEV1/FVC\<70%, 50%≤FEV1%, predicted \<80%; grade 3: FEV1/FVC\<70%, 30%≤FEV1%, predicted \<50%; and grade 4: FEV1/FVC\<70%, FEV1%, predicted \<30%. AECOPD was defined as 'an acute worsening of the patient\'s condition from a stable state of COPD that is sustained and may warrant the patient to seek additional treatment'.[@R11] ECG, chest radiography, chest CT and/or echocardiography were measured at recruitment. The diagnosis of chronic Cor pulmonale was based on both clinical evidences (physical evidence of peripheral oedema, increased intensity of pulmonary component of the second heart sound or tricuspid regurgitation murmur), echocardiography data, chest radiography demonstrating an increased width of the right descending pulmonary artery or right ventricle (RV) enlargement, and ECG demonstrating P-pulmonale, right axis deviation or RV hypertrophy.[@R12] Echocardiography (Vivid Eq, GE UItrasound System, Horten, Norway) was used to evaluate chronic Cor pulmonale.[@R13] [@R14]

Significant comorbidities were recorded and quantified according to the well-established Charlson Index.[@R15] Comorbidities are scored 1 (myocardial infarct, congestive heart failure, peripheral vascular disease, dementia, cerebrovascular disease, chronic lung disease, ulcer, chronic liver disease, diabetes), 2 (hemiplegia, moderate or severe kidney disease, diabetes with end organ damage, tumour, leucaemia, lymphoma), 3 (moderate or severe liver disease) or 6 (malignant tumour, metastasis, AIDS) points; scores are summed to provide a score predicting mortality.[@R15] The definition of comorbidity was based on the presence of one or more distinct disorders (or diseases) in addition to COPD, regardless of whether or not the comorbidities were directly related to COPD.[@R16]

Follow-up {#s2d}
---------

Follow-up was censored on 31 October 2011 or at the time of death. Following the recruitment visit, patients were followed up every 6 months by telephone or through their medical records, including the need for LTOT, use of medication, newly discovered comorbidities, and the use of NPPV at home and at the hospital. The main causes of death were recorded for each patient. Lung function and arterial blood gases were assessed every 2 years.

Statistical analysis {#s2e}
--------------------

Continuous variables are presented as means±SDs or as median and range between the 5th and 95th centiles. For continuous variables, groups were compared using independent sample t tests or Mann-Whitney U-tests, as appropriate. χ^2^ Tests were used for categorical variables. Survival analysis was performed using Kaplan-Meier analysis with the log-rank test. The outcome was death from any cause (overall survival). Multivariate Cox regression analysis was used to identify the independent predictors of survival. All analyses were performed using SPSS V.17.0 (IBM, Armonk, New York, USA). The p\<0.05 was considered to be statistically significant.

Results {#s3}
=======

Patient characteristics {#s3a}
-----------------------

Patients were admitted due to AECOPD, and 157 patients with normocapnia and 253 patients with hypercapnia (including those with chronic hypercapnia) were discharged from the hospital due to improved disease conditions after treatment. In the normocapnia group, 6-week follow-up revealed AECOPD in 21 patients, two were lost to follow-up and 36 refused to undergo the 6-week blood gas analysis; 98 patients with normocapnia were included. Among 253 patients with hypercapnia, 56 patients had AECOPD, 5 were lost to follow-up, 1 died and 14 refused the 6-week blood gas examination; 177 patients with hypercapnia were included ([figure 1](#BMJOPEN2015008909F1){ref-type="fig"}).

![Study flow chart (COPD, chronic obstructive pulmonary disease).](bmjopen2015008909f01){#BMJOPEN2015008909F1}

As shown in [table 1](#BMJOPEN2015008909TB1){ref-type="table"}, patients with normocapnia were older (p=0.013) and had lower rates of medication use (p=0.006) compared to those with hypercapnia. Patients with normocapnia showed elevated arterial pH, PaO~2~, Charlson Index and rate of comorbidities. NPPV use and Cor pulmonale were higher in patients with hypercapnia.

###### 

Baseline characteristics of the patients in the normocapnic and chronic hypercapnic groups

  Parameters                 Normocapnia (n=98)   Chronic hypercapnia (n=177)   p Value
  -------------------------- -------------------- ----------------------------- ---------
  Age, year                  73.70±6.91           71.49±7.09                    0.013
  Male, n (%)                70 (71.43)           128 (72.32)                   0.955
  Smoking, n (%)             60 (61.22)           97 (54.80)                    0.303
  BMI, kg/m^2^               22.92±3.10           23.78±3.89                    0.052
  LTOT, n (%)                9 (9.18)             18 (10.17)                    0.255
  Use of medication, n (%)   18 (18.37)           60 (33.90)                    0.006
   Theophylline              17 (17.35)           39 (22.03)                    0.355
   Fluticasone/salmeterol    1 (1.02)             24 (13.56)                    \<0.001
   Tiotropium bromide        0 (0)                4 (2.26)                      \<0.001
  FVC, L                     1.71±0.55            1.24±0.41                     \<0.001
  FEV1, L                    0.96±0.37            0.62±0.24                     \<0.001
  pH                         7.42±0.03            7.38±0.04                     \<0.001
  PaO~2~, mm Hg              69.26±7.17           63.23±8.13                    \<0.001
  PaCO~2~, mm Hg             39.20±4.70           57.39±7.82                    \<0.001
  Cor pulmonale, n (%)       24 (24.39)           117 (66.10)                   \<0.001
  Charlson Index             6.071±1.863          4.791±1.754                   \<0.001
  NPPV, n (%)                                                                   
   NPPV at home              0 (0)                6 (0.4)                       \<0.001
   NPPV in hospital          8 (8.2)              63 (35.6)                     \<0.001
  Comorbidities              89 (90.82)           110 (62.15)                   \<0.001
   Coronary disease          42 (42.9)            37 (20.9)                     \<0.001
   Hypertension              40 (40.8)            56 (31.6)                     0.126
   Cerebrovascular           44 (44.9)            29(16.4)                      \<0.001
   Diabetes                  20 (20.4)            11 (6.2)                      \<0.001
   Lung cancer               5 (5.1)              13 (7.3)                      0.471
   Other tumours             5 (5.1)              2 (1.1)                       0.101
   Pulmonary embolism        4 (4.1)              2 (1.1)                       0.191

BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; LTOT, long-term oxygen therapy; NPPV, non-invasive positive-pressure ventilation; PaO~2~, arterial oxygen tension; PaCO~2~, arterial carbon dioxide tension.

Changes in arterial blood gases and lung function {#s3b}
-------------------------------------------------

Changes in arterial blood gases and lung function in the two groups were assessed every 2 years during follow-up ([figure 2](#BMJOPEN2015008909F2){ref-type="fig"}). Thirty-nine patients with normocapnia and 72 with hypercapnia were dynamically monitored for arterial blood gas and lung function. The mean fluctuation range of PaCO~2~ was 11.9 mm Hg in patients with normocapnia and 22 mm Hg in patients with hypercapnia. Among patients with normocapnia, carbohemia was kept relatively stable in 24 patients (61.54%), reversible hypercapnia occurred in 13 patients (33.33%, 13/39) and 2 patients (5.12%, 2/39) developed chronic hypercapnia. The dynamic curve showed a small fluctuation of PaCO~2~ in patients with normocapnia, and a large fluctuation and a progressive increase of PaCO~2~ in patients with hypercapnia. The FEV1 in patients with both normocapnia and hypercapnia exhibited a progressive reduction, while the reduction in normocapnia was greater than that in hypercapnia (annualised rate; 0.86±0.35 vs 0.62±0.22 L, p\<0.001).

![Comparison of the changes in time of arterial carbon dioxide tension (PaCO~2~) and forced expiratory volume in 1 s (FEV1) between patients with normocapnia and hypercapnia.](bmjopen2015008909f02){#BMJOPEN2015008909F2}

Survival analysis and multivariate COX regression analysis {#s3c}
----------------------------------------------------------

Follow-up was 5.6±3.3 (range 0.3--14.6) years in patients with normocapnia, and 5.0±3.5 (range 0.3--14.0) years in those with hypercapnia. Among patients with normocapnia, 52 of 98 (53.06%) died and 8 (9.18%) dropped out during follow-up. Among patients with hypercapnia, 127 of 177 (71.75%) died and 4 (2.30%) dropped out. Median survival was longer in patients with normocapnia compared to those with hypercapnia (6.5 vs 5.0 years, p=0.016) ([figure 3](#BMJOPEN2015008909F3){ref-type="fig"}).

![Comparison of survival curves in all patients between groups with normocapnia and chronic hypercapnia (p=0.016).](bmjopen2015008909f03){#BMJOPEN2015008909F3}

Age, sex, smoking, BMI, LTOT, use of medication, pH, PaCO~2~, PaO~2~, FEV1, FVC, FEV1%, Cor pulmonale, Charlson Index and NPPV were included in the multivariate Cox regression analysis. The results showed that age (HR=1.043, 95% CI 1.012 to 1.076, p=0.007), Charlson Index (HR=1.172, 95% CI 1.067 to 1.288, p=0.001), use of medication (HR=0.565, 95% CI 0.379 to 0.842, p=0.005), BMI (HR=0.922, 95% CI 0.883 to 0.963, p\<0.001), PaCO~2~ (HR=1.026, 95% CI 1.011 to 1.042, p=0.001), Cor pulmonale (HR=2.164, 95% CI 1.557 to 3.006, p\<0.001), NPPV (HR=0.615, 95% CI 0.429 to 0.881, p=0.008) and FEV1% (HR=0.979, 95% CI 0.967 to 0.991, p=0.001), were independent risk factors of overall survival ([table 2](#BMJOPEN2015008909TB2){ref-type="table"}).

###### 

Multivariate COX regression analysis for survival

  Items               HR      95% CI           p Value
  ------------------- ------- ---------------- ---------
  Age, years          1.043   1.012 to 1.076   0.007
  BMI, kg/m^2^        0.922   0.883 to 0.963   \<0.001
  Charlson Index      1.172   1.067 to 1.288   0.001
  PaCO~2~, mm Hg      1.026   1.011 to 1.042   0.001
  FEV1%               0.979   0.967 to 0.991   0.001
  Cor pulmonale       2.164   1.557 to 3.006   \<0.001
  NPPV                0.615   0.429 to 0.881   0.008
  Use of medication   0.565   0.379 to 0.842   0.005

BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; LTOT, long-term oxygen therapy; NPPV, non-invasive positive-pressure ventilation; PaCO~2~, arterial carbon dioxide tension.

Comorbidities and causes of death {#s3d}
---------------------------------

As aforementioned, the proportion of patients with comorbidities among those with normocapnia was higher compared to those with hypercapnia (90.8% vs 62.2%, respectively, p\<0.001). The three most common comorbidities in both groups were hypertension, coronary artery disease and cerebrovascular disease ([table 1](#BMJOPEN2015008909TB1){ref-type="table"}).

Among 275 patients, 179 (65.09%) died during follow-up, and the three most common causes of death were respiratory failure (90/179, 50.28%), pneumonia (26/179, 14.53%) and cerebrovascular disease (11/179, 6.15%). Among patients with normocapnia, 52 of 98 (53.06%) died during the study, and the main causes of death were pneumonia (11/52, 21.15%), cerebrovascular disease (6/52, 11.54%), cardiogenic diseases (coronary artery disease, heart failure) (6/52, 11.54%), lung cancer (6/52, 11.54%) and respiratory failure (6/52, 11.54%). Among patients with hypercapnia, 127 of 177 (71.75%) died, and the main causes of death were respiratory failure (84/127, 66.14%), pneumonia (15/127, 11.81%) and lung cancer (7/127, 5.51%). The incidence of death being due to respiratory failure was significantly higher in patients with hypercapnia patients than in patients with normocapnia (OR, 14.977; 95% CI 5.929 to 37.835), whereas no significant differences between groups were observed for the other causes of death ([table 3](#BMJOPEN2015008909TB3){ref-type="table"}).

###### 

The main causes of death between normocapnia and chronic hypercapnia in patients with chronic obstructive pulmonary disease

  Main causes of death       Normocapnia (death) (n=52)   Hypercapnia (death) (n=127)   p Value           
  -------------------------- ---------------------------- ----------------------------- --------- ------- ----------
  Pneumonia                  11                           21.15                         15        11.81   0.107
  Cerebrovascular diseases   6                            11.54                         5         3.94    0.055
  Cardiac diseases           6                            11.54                         5         3.94    0.055
  Lung cancer                6                            11.54                         7         5.51    0.158
  Respiratory failure\*      6                            11.54                         84        66.14   \<0.0001

\*OR 14.98, 95% CI 5.929 to 37.8 35.

The median survival of patients with hypercapnia with Cor pulmonale was shorter compared to that of patients with normocapnia with Cor pulmonale (4.8 vs 6.0 years). The 3-year and 6-year cumulative survival rates in patients with normocapnia were 72% and 20%, whereas these rates were 50% and 17% in patients with hypercapnia, respectively, but the differences were not significant (p\>0.05).

Discussion {#s4}
==========

An important finding of the present study is that patients with COPD with hypercapnia had a poor prognosis compared to those with normocapnia. To determine whether patients with normocapnia subsequently develop chronic hypercapnia remains an area of controversy. The core of this question is to determine if normocapnia and hypercapnia are two stages of the same disease, or whether they are two different entities. Costello *et al*[@R4] observed that only 24% of patients with reversible hypercapnia developed chronic hypercapnia during follow-up. In this study, among patients classified as normocapnic at recruitment, 5.12% of patients with normocapnia (13.3% of patients with reversible hypercapnia) developed chronic hypercapnia during long-term follow-up. In general, the results of this study are consistent with those of Costello *et al*.[@R4] This could imply that COPD with normocapnia may not simply be an early stage of COPD with hypercapnia, but may represent a distinct COPD phenotype.

Previous studies showed that about 25% of patients presenting AECOPD were hypercapnic,[@R1] [@R11] [@R17] while this frequency was 62% in the present study. This may be due to this specific population of Chinese patients having different lifestyle and treatment characteristics than those of Western populations. The high frequency of smokers could confound the results. Among the 275 patients, 154 had lung function grade 4 and 78 had grade 3. Therefore, 84% of the patients had a severe or highly severe condition. This could explain the high rate of hypercapnia. Additional studies with larger numbers of patients are necessary to address this issue adequately.

A previous study showed a higher (but not statistically significant) mortality rate in patients with chronic hypercapnia compared to normocapnia.[@R4] Another study with a 10-year follow-up failed to observe a difference in survival between patients with hypercapnia and reversible hypercapnia.[@R7] Furthermore, in support of Costello *et al*,[@R4] survival was longer in patients with normocapnia compared to those with hypercapnia, which supports the present study.

Zielinski *et al*[@R18] [@R19] showed that respiratory failure was the leading cause of death in patients with COPD; other causes were cardiovascular diseases, pulmonary infection, pulmonary embolism, lung cancer and other cancers. The SUPPORT trial showed that comorbidities played a major role, even in 'COPD-specific' deaths among patients with very advanced COPD.[@R20] In the present study, the three most common causes of death were respiratory failure (50%), pneumonia (15%) and lung cancer (7%), consistent with the earlier findings. In addition, among patients with chronic hypercapnia, respiratory failure was the main cause of death. Some studies have suggested that the main reason for developing comorbidities concomitantly with COPD was the systemic inflammation state associated with COPD,[@R21] and that smoking[@R22] and ageing[@R23] also play key roles in this process. A large study from the UK showed that patients with COPD had a significantly increased risk of comorbidities and other medical events,[@R24] particularly comorbidities related to cardiovascular-related, bone-related and other smoking-related conditions. A study revealed that patients with COPD had a higher prevalence of cardiovascular diseases, local malignant neoplasm and neurological diseases other than stroke with hemiplegia, ulcer and gastritis.[@R25] The present study showed that the most common comorbidities in both groups were hypertension, coronary artery disease and cerebrovascular disease. In addition, the incidences of coronary artery diseases, cerebrovascular diseases and diabetes mellitus were higher in patients with normocapnia compared with those in patients with hypercapnia, further demonstrating a greater incidence of comorbidities in patients with normocapnia. Indeed, some studies have suggested a protective effect of hypercapnia against ischaemia-reperfusion injuries.[@R26] [@R27] However, the higher use of medication in the hypercapnia group may confound these results, despite the fact that a higher proportion of smoking was observed among patients with hypercapnia. Further studies with larger samples are necessary to address these issues adequately.

Cor pulmonale is defined as structural changes and functional deterioration of the RV resulting from pulmonary hypertension, which is associated with various lung, upper airway and chest wall diseases.[@R28] Cor pulmonale, a common type of heart disease as a result of its close association with COPD, has emerged as a leading cause of disability and death.[@R29] In the present study, patients with hypercapnia had low PaO~2~ and a higher frequency of Cor pulmonale. Analysis revealed that, for patients with Cor pulmonale, the survival of patients with hypercapnia was shorter compared to that in normocapnia. However, the definition used for PaO~2~ might influence these results and prevent direct comparisons between studies. LTOT is one of the main treatments for patients with stage IV COPD and is associated with improved survival.[@R17] [@R30] However, its use in a domestic environment is far from ideal.[@R31] Studies have shown that compliance in patients receiving LTOT is low.[@R32] In this study, only 9.2% of the patients with normocapnia and 10.2% of the patients with hypercapnia received LTOT. Multivariate analysis revealed that LTOT was not a prognostic factor for patients with COPD, but the high proportion of smokers might influence this result.

NPPV therapy is an established strategy for treating COPD and has been shown to decrease mortality, acute exacerbations and requirement for intubation.[@R17] [@R30] [@R35] In this study, NPPV was also associated with increased median survival, confirming its protective effect in patients with hypercapnia with COPD, but not in patients with normocapnia, which might be because of the small proportion of NPPV users in this study. COX regression analysis showed that NPPV was a beneficial factor for the prognosis of chronic hypercapnia.

In addition, the Cox regression analysis revealed that drug therapy (notably fluticasone propionate and salmeterol) was an independent factor for the prognosis of patients with COPD, mainly for patients with hypercapnia, because patients with normocapnia only used fluticasone propionate and salmeterol inhalation. Further studies are required to investigate whether use of fluticasone propionate and salmeterol achieves an efficacy in normocapnia similar to that of hypercapnia. At the same time, this study suggests that increasing age, lower FEV1 and lower BMI increased the risk of death. Taken together, these results suggest that NPPV and lung function are important factors in patients with COPD.

This study is not without its limitations. First, there was a substantial loss of patients to follow-up during the dynamic monitoring of the changes in PaCO~2~ and FEV1. This loss to follow-up and refusal to undergo additional testing were, unfortunately, out of our control. Second, we did not investigate the potential relevance of PaO~2~ as a prognostic factor in patients with COPD; this merits further consideration in future studies. Third, the proportion of smokers was high, which may introduce bias. In addition, differences in treatments received among the patients of the two groups may influence the results. Additional studies in larger sample sizes are warranted to address these issues.

In conclusion, increases of age, Charlson Index, chronic hypercapnia and Cor pulmonale, and decreases of FEV1%, use of medication, BMI and NPPV, were associated with a poor prognosis in patients with COPD. Results can help in correctly evaluating prognosis and improving treatment.
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